Waveguide piezoelectric micromachined ultrasonic transducer array for short-range pulse-echo imaging Ultrasonic transducers (UTs) have been used for pulseecho ultrasonic imaging, especially medical imaging, for decades. 1, 2 Conventional ultrasonic transducers are made from bulk piezoelectric ceramic, which is expensive to machine into the high fill-factor 2D arrays needed for 3D imaging and makes individual pixel addressing difficult. In contrast, micromachined UTs (MUTs) have the advantages of increased bandwidth, low manufacturing cost, and the possibility to create 2D arrays that can be directly integrated with supporting electronics. 3, 4 Furthermore, unlike conventional ultrasonic transducers whose acoustic impedance is defined by the transducer's material properties, MUTs have a compliant, thin membrane structure operating in a flexural vibration mode with acoustic impedance that can be wellmatched to a surrounding environment. The ability to realize low-cost, high-performance 2D ultrasound imagers may open new applications such as ultrasonic fingerprint sensors. 5 However, for these and other applications requiring direct contact to human tissue, the MUT's delicate thin membrane structure introduces durability concerns. In the past, this has been resolved by coating the MUT array with a polymer layer (e.g., room temperature vulcanization (RTV) silicone). 6, 7 However, this layer increases the distance between the MUT imager and the imaged surface, thereby potentially degrading the imaging contrast and spatial resolution due to diffraction, scattering, and spreading effects, unless phasedarray beamforming techniques are used to focus the array's acoustic beam. Waveguides offer a means to protect the array while guiding a narrow acoustic beam from each MUT towards the imaging target. Stainless steel waveguides have been reported but they are bulky, costly to manufacture, and require assembly. 8 Here, we introduce an approach where plasma etching is used to form a 70 lm diameter waveguide in the 220 lm thick silicon layer above each MUT in the array. The 8 Â 24 ultrasonic imager consists of 70 lm diameter piezoelectric MUTs (PMUTs) with 100 lm pitch, based on a 0.8 lm thick piezoelectric aluminum nitride (AlN) layer deposited on a 6 lm thick single-crystal silicon elastic layer. Compared with PZT and ZnO, 9, 10 AlN is compatible with CMOS fabrication and used in low-cost, high-volume devices such as bulk-acoustic wave filters. 11 The PMUT array is directly bonded at wafer-level to CMOS signal processing electronics that allow individual addressing of each MUT in the array for pulse-echo imaging. Relative to the complicated signal processing required for phased-array ultrasound imaging, 12 the waveguide approach introduced here allows individual pixel-by-pixel readout of the ultrasound image because the waveguides isolate the pulse-echo acoustic signal path of each PMUT from that of its neighbors. Fig. 1 shows a cross-section diagram of the imager. Devices were fabricated in the InvenSense V R integrated CMOS AlN MEMS process 5, 13 using two 200 mm diameter silicon wafers that are bonded together: a microelectromechanical systems (MEMS) wafer containing the PMUTs and a complementary oxide semiconductor (CMOS) wafer containing the signal processing circuitry. The CMOS wafer uses a commercially available 180 nm CMOS process, whereas the MEMS wafer uses a semi-custom process. The MEMS wafer begins with a silicon on insulator (SOI) substrate with a 6 lm thick Si device layer on which is sputtered 0003-6951/2015/106(19)/193506/4/$30.00
V C 2015 AIP Publishing LLC 106, 193506-1 a 0.8 lm thick AlN piezoelectric layer that is sandwiched between 200 nm thick Mo and Al layers that serve as the top and bottom electrode layers, respectively. The two wafers are bonded together using conductive Al-Ge eutectic bonding, after which the handle Si of the MEMS wafer is thinned to 220 lm thickness. Finally, deep reactive ion etching (DRIE) is used to form the 70 lm diameter acoustic waveguides above each PMUT. A scanning electron microscope (SEM) image of the cross-section of a single PMUT is shown in Fig. 2 , and optical images of the complete device are shown in Fig. 3 . Testing is conducted with the waveguides filled with a coupling fluid. The on-chip CMOS ASIC has both receive amplifiers and transmit-receive switches, as indicated in Fig. 1 . Pulse-echo imaging is performed by first transmitting an acoustic pulse, using switches to connect the PMUT's top electrode (TE) to an external 28 V pulser ASIC 14 and the bottom electrode (BE) to ground. Following transmission, echoes are received by switching the TE to ground and the BE to the receive amplifier. The amplifier's output is digitized and transferred to a computer for subsequent image processing.
The 70 lm diameter PMUTs are designed for a frequency of 20 MHz when immersed in fluid or in contact with human tissue. However, at 20 MHz, the acoustic wavelength k ¼ 75 lm in human tissue or water and an individual PMUT has almost omnidirectional directivity. 15 As a result, the acoustic pressure amplitude of a single PMUT is dramatically reduced and the acoustic beam-width is greatly increased when the imaging target is a few hundred microns away from the PMUT surface. Using an acoustic waveguide preserves both the amplitude and spatial resolution of the acoustic pulse. Multiphysics finite element method (FEM) modeling was conducted to model the transient acoustic-piezoelectric-mechanical behavior of a PMUT both with and without the waveguide. Figs. 4(a) and 4(b) show simulated absolute acoustic pressure of PMUTs with and without a waveguide, respectively, which are driven by the same 1 V half-cycle 20 MHz sinusoid. Simulation results are shown at 75 ns and 400 ns time instances, when the acoustic pulse is close ($100 lm) and far ($600 lm) from the PMUT surface. In the case of the PMUT without waveguide, the peak pressure is reduced nearly ten-fold, from 2.5 kPa at 100 lm to 300 Pa at 600 lm, while the 6-dB beam-angle is about 60 , resulting in significant spreading of the acoustic beam at 600 lm distance. In contrast, the PMUT with waveguide demonstrates that the acoustic energy is confined by the waveguide, and the peak pressure is nearly unchanged from 6.2 kPa at 100 lm to 5.8 kPa at 545 lm distance. Note that the presence of the waveguide reduces the wave velocity by approximately 9% due to changes in the acoustic boundary conditions. In addition to preserving the acoustic pressure amplitude, the waveguide has the effect of reshaping the spatial distribution of the acoustic pulse. As seen in Fig. 4(b) , the pressure distribution across the waveguide's radius is initially irregular when the pulse is close to the PMUT (at t ¼ 75 ns) and becomes nearly constant across the radius as the pulse reaches the end of the waveguide (at t ¼ 400 ns). The result of this more uniform pressure distribution is that the waveguide produces a more directional acoustic beam. The directivity of a clamped circular membrane, modeling the PMUT without waveguide, is D 2 ðhÞ ¼ 48J 3 ðka sin hÞ=ðka sin hÞ 3 , whereas the waveguide has the directivity of a uniform piston, D 0 ðhÞ ¼ 2J 1 ðka sin hÞ=ðka sin hÞ, where J 1 and J 3 are Bessel functions, k is the wavenumber, a is the PMUT (or waveguide) radius, and h is the angle. 16 Considering a 70 lm PMUT operating at 20 MHz in fluid with acoustic velocity c ¼ 750 m/s, the 6-dB beam-width at a 60 lm distance from the waveguide aperture is 50 lm, compared to 70 lm for a PMUT without waveguide.
To perform pulse-echo imaging, the PMUT array was immersed in Fluorinert FC-70 (3M, Inc.), an electrically insulating fluid that fills the waveguides. The imaging target, a laser-cut steel grating consisting of 200 lm wide bars and spaces, was placed on top of the PMUT array, separated from the waveguide apertures by a 60 lm thick epoxy spacer. Measurements were performed using 28 V pp 2-cycle 20-MHz pulses to drive the PMUT array. The acoustic pulse propagates into the fluid-filled waveguides and is reflected from a target near the waveguide apertures. After switching into receiving mode by connecting the receive amplifiers to the PMUTs, returning echoes were detected via the voltage induced on the bottom electrode of each PMUT. This output voltage is amplified by a dedicated 10Â amplifier beneath each PMUT, and an on-chip column-select multiplexer selects the column of 8 PMUTs whose output is directed to a second off-chip 10Â gain stage followed by digitizers. In this way, each of the 24 columns is read out in sequence, and read-out of the whole array requires 24 ls. Fig. 5(a) shows the measured pulse-echo response after an 8-MHz band-pass digital filter is applied to the signal. Since the pulse sequence is shaped twice by the PMUT's frequency response as it is transmitted and received, each echo has an envelope that resembles a Gaussian, as indicated in the figure. Both the first and second echoes (corresponding to one and two round-trips) are observed at $0.78 ls and $1.54 ls, respectively. Fig. 5(b) shows a measured 2D pulse-echo image of the laser-cut steel phantom along with an optical image of the phantom. A $450 mV amplitude echo is received from PMUTs beneath steel lines, while PMUTs beneath spaces receive $100 mV amplitude echoes, both well above the 3.7 mV electronic noise floor. The electronic noise is low due to the close proximity of each PMUT to the associated receive amplifier, minimizing electrical parasitics. 5 Due to the 60 lm gap between the waveguide aperture and the steel phantom, a small portion of the returning echo is coupled into neighboring PMUTs, reducing the contrast between bars and spaces. The overall PMUT parameters and measurement results are summarized in Table I .
The initial echo observed in Fig. 5(a) , arriving before the first echo from the steel phantom, occurs as sound exits the waveguide due to the change in acoustic impedance at the waveguide aperture. In the experiment, this echo is observed at 0.6 ls, corresponding to a round-trip path length of approximately 450 lm, in good agreement with the 220 lm nominal thickness of the MEMS wafer's silicon handle layer. The expected reflection amplitude from both the phantom and the waveguide aperture can be calculated from R ¼ jZ 2 À Z 1 j=jZ 2 þ Z 1 j, where Z 1 ¼ 1.3 MRayl is the fluid's acoustic impedance and Z 2 is the impedance of either the steel phantom or the aperture. The aperture's theoretical im-
, where J 1 and K 1 are Bessel functions. 16 For a 70 lm diameter PMUT working at 20 MHz in Fluorinert with 750 m/s acoustic velocity, ka ¼ 5.864, corresponding to a reflection ratio, R 0 ¼ 6%. The acoustic pulse experiences this loss on exiting and returning from the target, and the expected reflection amplitude from the steel phantom is R 1 ¼ ð1 À R sp Þð1 À R 0 2 ÞR steel , where R steel ¼ 94.5% is the reflection from steel (Z 2 ¼ 46 MRayl) and R sp is the spreading loss over the 120 lm round-trip path from waveguide to phantom. We estimate R sp to be $0.4 based on the directivity D 2 ðhÞ and finally R 1 ¼ 0.56. In the experiment, the amplitude ratio R 1 =R 0 ¼ 5, approximately one-half the theoretical value. This may be due to the waveguide echo R 0 or spreading loss R sp being larger than predicted from theory.
In conclusion, we proposed and demonstrated ultrasonic pulse-echo imaging using a waveguide PMUT array. The array is fabricated via an integrated CMOS AlN MEMS process, having the PMUT array bonded to a 180 nm CMOS wafer integrated with front end signal processing electronics. The monolithic integration of receive amplifiers with the PMUT array results in low parasitic capacitance, thereby improving PMUT receive sensitivity. FEM simulation results demonstrate that the waveguide preserves the acoustic pressure amplitude, improving the pressure at a 500 lm distance from the PMUT surface by a factor of $19, from 300 Pa to 5.8 kPa, and producing a more directional acoustic beam. Pulse-echo imaging experiments demonstrated the capability to produce a 2D ultrasound image of a target using pixel-bypixel readout, eliminating the need for complicated phasedarray beamforming. The received signal amplitude from a steel target was 450 mV, well above the 3.7 mV electronic noise floor. 
